We find that under 1-sun the luminescence efficiency of MAPbI3 is limited to ~95% at open-circuit due to Auger recombination. Yet, an oddly high fill-factor compensates this, leading to a nearly ideal power conversion efficiency.
Introduction
Lead halide materials have seen a recent surge of interest from the photovoltaics community following the observation of surprisingly high photovoltaic performance, with opto-electronic properties similar to GaAs. This begs the question; what is the limit for the efficiency of these materials? It has been known that at 1-sun the efficiency limit of crystalline silicon is ~29%, despite the radiative limit for its bandgap being ~33%, the discrepancy being due to strong Auger recombination. In this article, we show that Methyl Ammonium Lead Iodide (MAPbI3) likewise has a larger than expected Auger coefficient ( ) [1] , yet it does not affect its photovoltaic performance.
For any technology to approach the theoretical limit laid out by Shockley and Queisser[2], the device must be designed not only for the efficient collection of photo-generated carriers, but also for the efficient extraction of internal luminescence [3] . The first barrier of entry for a high performance photovoltaic technology is efficient carrier extraction. At that point light management becomes the limiting factor for device efficiency. 
Results
The internal and external luminescence efficiency is shown in Fig. 1 as a function of thickness, evaluated at opencircuit and at the operating point, under 1-sun illumination using the AM 1.5G solar spectrum[5].
The internal luminescence efficiency increases with thickness, as the carrier density drops and the effect of Auger is diluted. The external luminescence efficiency, however, declines slightly with increasing thickness despite the gain in internal luminescence efficiency, owing to the reduced probability of escape of internally emitted photons. At the operating voltage, where the carrier concentration is lower, Auger recombination has a negligible penalty. In a textured submicron device, the deviation of the external luminescence efficiency from the radiative limit can be smaller than 5% at open-circuit Voc, and below 1% at the operating point Vop.
As noted in Fig. 2 , there is a slightly higher fill factor achieved by the solar cell when Auger recombination is present (Fig. 2c) . This can be explained by the fact that in decreasing the voltage from open-circuit to the maximumpower operating point, the rate of Auger recombination falls faster than that of radiative recombination due to its n 3 dependence on carrier density. Therefore, the operating point voltage can be closer to the open-circuit voltage than expected in a cell in which only radiative bi-molecular recombination (~n 2 ) is present. The operating voltage of the cell under Auger recombination is almost equal to the operating voltage in the radiative limit at all thicknesses. Consequently, the power conversion efficiency of the photovoltaic cell under 1-sun illumination is largely unaffected by Auger recombination. In open-circuit conditions the external luminescence is limited to ~95% in submicron thicknesses, while at the operating-point this rises to ~99%. This is due to the decrease in carrier concentration in the latter case. In both cases, an increase in thickness leads to a carrier concentration drop, reducing the effect of Auger, and increasing the internal luminescence efficiency. Despite this, the external luminescence efficiency decreases with thickness, as internal photons have a smaller chance of escape from a thicker device. The external luminescence efficiency radiative limit and the Auger limit can be as small as 5% at open-circuit and less than 1% at the operating point. The calculations assume surface texturing and a perfect rear mirror. with an open-circuit voltage loss of less than 2 mV, as shown in (e). This is compensated by an increase in fill factor, which increases the operating voltage, reducing the loss to < 0.5 mV. Front surface texturing and a perfect rear mirror at 1-sun illumination are assumed.
Conclusions
We have shown that Auger recombination limits the external luminescence efficiency of MAPbI3 devices to ~95% under 1 sun, inducing an open-circuit voltage loss of ~1.5 mV from the radiative limit. The increase in fill factor compensates this loss, rendering the operating voltage unaffected. The intrinsic efficiency limit of lead halide perovskite is ~30.5%, which is nearly identical to what would be expected from a perfect material with the same bandgap.
